Average crystallite size Scherrer's equation Williamson-Hall method a b s t r a c t This article reports the controlled size of ZnO nanoparticles synthesized via simple aqueous chemical route without the involvement of any capping agent. The effect of different calcination temperatures on the size of the ZnO nanoparticles was investigated. X-ray diffraction (XRD) results indicated that all the samples have crystalline wurtzite phase, and peak broadening analysis was used to evaluate the average crystallite size and lattice strain using Scherrer's equation and Williamson-Hall (W-H) method. Morphology and elemental compositions were investigated using atomic force microscopy (AFM) and scanning electron microscopy (SEM) with energy-dispersive X-ray (EDX) spectroscopy. The average crystallite size of ZnO nanoparticles estimated from Scherrer's formula and W-H analysis was found to
Introduction
Semiconductor nanoparticles have drawn considerable interest in recent years because of their special properties such as large surface-to-volume ratio, special electronic properties and unique optical properties as compared to their bulk counterparts [1] . The large surface to volume ratio can contribute to some of the unique properties of nanoparticles. The oxides of transition metals are an important class of semiconductors [2] [3] [4] [5] . Among various semiconducting oxides, zinc oxide (ZnO) is a distinctive electronic and photonic wurtzite n-type semiconductor with a direct band gap of 3.37 eV and a high exciton binding energy (60 meV) at room temperature [6] [7] [8] [9] [10] Este é um artigo Open Access sob a licença de CC BY-NC-ND Este é um artigo Open Access sob a licença de CC BY-NC-ND transitions even at room temperature, which could mean high radiative recombination efficiency for spontaneous emission as well as a lower threshold voltage for laser emission [11, 12] . The lack of center of symmetry in wurtzite, combined with a large electromechanical coupling, results in strong piezoelectric and pyroelectric properties and hence the use of ZnO in mechanical actuators and piezoelectric sensors [13] . ZnO is a potential candidate for optoelectronic applications in the short wavelength range (green, blue and ultraviolet), information storage, and sensors as it exhibits similar properties to GaN [14, 15] . ZnO nanoparticles are promising candidates for various applications, such as nanogenerators, gas sensors, solar cells, photodetectors and photocatalysts [6, 13, [16] [17] [18] .
Recently, many works have been directed to investigate the optical and electrical properties of ZnO nanomaterials, synthesized by different chemical and physical methods including vapor condensation, hydrothermal method, solution combustion method, sol-gel, etc. [19] [20] [21] [22] . Most of these techniques have not been extensively used on a large scale, but chemical synthesis techniques have been widely used due to their simplicity and low cost. Chemical route method is one of the best methods for synthesizing material with high purity, controlled nanostructures and surface properties [23, 24] . These synthesis techniques are attractive for several reasons: they are low cost, less hazardous, and thus capable of easy scaling up; growth occurs at a relatively low temperature, compatible with flexible organic substrates; there is no need for the use of metal catalysts, and thus it can be integrated with well-developed silicon technologies. In addition, there are a variety of parameters that can be tuned, to effectively control the morphologies and physical properties of the final products. Wet chemical methods have been demonstrated as a very powerful and versatile technique for growing ZnO nanoparticles.
In the present work, ZnO nanoparticles have been synthesized via simple aqueous chemical route with controlled parameters, without the involvement of any capping agent. A comparative evaluation of average crystallite size of ZnO nanoparticles obtained from direct AFM measurements and powder X-ray diffraction (XRD) peak broadening is reported. The average crystallite size and strain associated with ZnO samples due to lattice deformation have also been estimated through Williamson-Hall method. The morphology with average diameter and crystallite size of the samples were investigated using AFM and SEM, followed by the optical study using UV-vis and photoluminescence spectroscopy.
2.
Experimental details process, a white precipitate was formed in the solution. After 7 h, the reaction mixture was centrifuged to get the precipitate out and washed several times with deionized (DI) water and ethanol. Finally, nanocrystalline ZnO powders with a milky white color were obtained after calcination at 200 • C, 400 • C and 500 • C for 3 h in muffle furnace.
Synthesis of ZnO nanoparticles

Characterizations
Powder X-ray diffraction data of the ZnO nanoparticles was collected in Bruker D8 Advance X-ray diffractrometer. Diffraction peaks were compared with those of the standard compounds reported in the JCPDS files (80-0075 card ICSD#: 067849). Morphology and elemental compositions were investigated using scanning electron microscopy (SEM, JEOL-JSM-6390, operating at 10 kV) with energy-dispersive X-ray (EDX) spectroscopy and atomic force microscopy (AFM) NT-MDT Solver NEXT. Band gap energies were observed using UV-vis-NIR spectrometer (Perkin Elmer Lambda 950) in diffuse reflectance mode and emission spectra were observed by photoluminescence spectroscopy (F-7000, Hitachi) with excitation wavelength ( ex ) = 325 nm using xenon lamp as source unit operated at room temperature.
Results and discussion
X-ray diffraction analysis of ZnO nanoparticles
The effect of different calcination temperatures on the ZnO nanoparticles are shown in Fig. 1 . All the peaks were sharpened at a temperature greater than 200 • C, which confirm the growth of crystals at higher calcination temperatures. It is clear from Fig. 1 that except hexagonal phase of ZnO no other phase was developed. The recorded X-ray diffraction patterns were compared with the standard ZnO pattern (JCPDS: 80-0075 card ICSD#: 067849). ZnO nanoparticles calcined at higher temperature shift in peak positions (1 0 0), (0 0 2) and (1 0 1) towards the lower Bragg's angle as compared to lower calcination temperature. Fig. 1d illustrates a gradual shifting in peak positions of the samples. The crystallite size of the ZnO nanoparticles was calculated by the X-ray line broadening method using the Scherrer's equation:
where D is the crystallite size, the Cu K ␣ radiation of wavelength (1.5406Å), K the shape factor (0.9), ˇh kl is the full width at half maximum (FWHM) in radian and is the scattering angle. From the calculations, the average crystallite size of the ZnO nanoparticles was in the range from 30 nm to 44 nm, as shown in Table 1 .
Williamson-Hall analysis
Williamson-Hall X-ray line broadening analysis provides a method of finding an average size of coherently diffracting domains and strain. Strain induced peak broadening arises due to crystal imperfection; and distortion, which had been calculated using the relation:
To estimate microstrain from the X-ray diffraction pattern Williamson and Hall [25] proposed a modified Scherrer's formula as:
Eq. (3) represents the linear plot of ˇh kl cos against 4 sin for the samples calcined at 200 • C, 400 • C and 500 • C temperatures displayed in Fig. 2 . The slope of the plots provides the values of strain (ε) which are 0.0078, 0.0054 and 0.0039 respectively. The results were reasonable with the crystallite sizes obtained from the XRD (Scherrer's formula) where small ε give rise to large crystallite size. Large ε caused small crystallite size associated with small grain size. It was observed from the calculations that with the increase in calcination temperature from 200 • C to 500 • C, the strain associated with the samples decreased with a gradual increase in crystallite size, as shown in Table 1 . 
Morphological analysis
Surface morphology was determined through AFM and corresponding SEM images of the samples, as shown in Fig. 3 and Fig. 4a . From the AFM images, the crystallite size of the samples was found in nanometer range. As the calcination temperature increased from 200 • C to 500 • C, the crystallite sizes increased from 28 nm to 44 nm. With the increase in the calcination temperature, the nucleation rate of the particles increased more rapidly. This is due to the increase in supersaturation of the reaction products, which accelerated the crystal core forming reaction within a short time. Under these conditions, the controlling step of the reaction is transferred from grain growth to crystal nucleus formation. With the temperature continuing to rise, the phenomenon of "nuclear-aggregation" caused by the rapid formation of crystal nucleus is obvious, which results in aggregation among the crystal nucleus. The rate of particle aggregation is a major factor that controls the morphology and structure (crystalline) of the final products. It was determined that larger grain samples were inherently more rough due to the increased differences in height (Z range) at their boundaries as compared to the smaller grains. However, the morphologies were quite similar in all cases. A similar conclusion can be drawn from the SEM observation. It was found that the morphology markedly depend on the process parameters. because of the difference in averaging the particle size distribution.
The elemental compositions of the ZnO nanoparticles were observed using energy dispersive X-ray spectroscopy. The EDX data show almost the same peaks for all samples. Fig. 4b represents EDX patterns which indicate that the as prepared ZnO nanoparticles were composed of only Zn and O. No evidence of other impurities was found and the ZnO nanoparticles were nearly stoichiometric. This observation was in good agreement with XRD results, which confirmed the phase purity of ZnO nanoparticles.
3.4.
Optical study
UV-vis analysis
The effect of different calcination temperatures on the optical properties of ZnO nanoparticles were investigated and are shown in Fig. 5 . The diffused reflectance spectra showed a sharp increase at 375 nm and the material had a strong reflective characteristic after approximately 420 nm for the sample calcined at 500 • C. This was due to the high possibility of reflectance for the photons lacking the required energy for interacting with electrons or atoms. It was observed that the absorption of the ZnO nanoparticles was strongly affected by the particle sizes. The band gap energies were determined using Kubelka-Munk function: (E g ) values were 3.23, 3.22 and 3.20 eV as the temperature increased from 200 • C to 500 • C respectively. Compared to the reported values of bandgap energy of bulk ZnO (E g = 3.37 eV) [6] , the optical absorption edge slightly shifted toward longer wavelength, which may be attributed to the increase in grain size at higher calcination temperatures [26] .
Photoluminescence analysis
PL spectra of all the samples mainly consist of three emission bands as shown in Fig. 6 , a strong UV emission band at 3.2 eV, a very weak violet band at 2.97 eV, and a week blue band at 2.60 eV. The strong UV emission corresponds to the exciton recombination related near-band edge (NBE) emission of ZnO. The violet emission band is due to the recombination of an electron at the zinc interstitial (Z in ) and a hole in the valance band [27, 28] . The weak blue emission corresponds to the electron transition from the conduction band to interstitial oxygen defects (O in ) in the ZnO. The intensity ratio between the near-band-edge UV emission and the visible region is usually used to evaluate the quality of ZnO. Photoluminescence results revealed that the ultraviolet emission peak of the samples calcined at higher temperature become sharp and narrow with high intensities as compared to visible emission peak.
These results essentially agree with the analysis, which results in the shift of the optical absorption edge presented above. Thus, the red shift of the optical bandgap and improved ultraviolet emission at higher calcination temperature improved crystallinity and reduced defect concentrations in ZnO samples.
Conclusion
ZnO nanoparticles with average crystallite size of 28-44 nm were successfully synthesized via aqueous chemical route. The effect of different calcination temperatures on the structural and optical properties was investigated. The XRD results indicated that all the samples have pure wurtzite ZnO phase with well crystallinity. It was observed from the calculations that with the increase in calcination temperature from 200 • C to 500 • C, the strain associated with the samples decreased with a gradual increase in crystallite size. The average crystallite size obtained from AFM analysis were in good agreement with the results obtained from Scherrer formula based on Xray diffraction analysis. Red shifting in band gap energies from E g = 3.23 eV to 3.20 eV with intensive ultraviolet (UV) emission was observed with increasing calcination temperature from 200 • C to 500 • C.
